H and-thinning, the physical removal of blossoms or immature fruit, can increase apple fruit size and quality at harvest. Maximal benefit of fruit size increase due to green fruit thinning occurred at or before 40 d after full bloom (Batjer et al., 1957) . This corresponds to the period of time when chemical thinners are effective. Chemical thinning outcomes are highly variable because of multiple environmental and physiological factors, and sometimes due to managerial error. Hand-thinning is a very labor-intensive process, and growers report that obtaining a labor force in agriculture is becoming increasingly difficult (Gasperini, 2012) . Therefore, hand-thinning after June drop is typically reserved for highvalue fresh market cultivars with excessive crop loads.
Given the stringent fruit size and quality standards demanded by markets and the occasional failure of chemical thinners, hand-thinning is still an important method of crop load management. In general, thinning guidelines emphasize spacing apples 6 to 10 inches throughout the canopy, and focus on removal of injured fruit, small fruit, and breaking up clusters (Gourley and Howlett, 1941) . Thinning to a single fruit per cluster increased fruit size when compared with leaving two fruit per cluster, and reducing the number of fruit per spur increased fruit size when compared with equivalent treatments of removing entire clusters of fruit or selectively defruiting whole limbs within the canopy (Knight, 1980) . Methods that emphasize small fruit removal improved fruit size and increased the value of the crop (Davison et al., 1979) .
Pomologists use crop density (the number of fruit per unit branch or tree dimension) to express the balance of reproductive and vegetative growth of apple, and as a method to standardize fruit number per tree based on tree size (Lombard et al., 1988) . Trunk size has a positive linear relationship with the fresh weight of the aboveground portion of the tree, and can be used to estimate potential bearing surface per unit land area (Westwood and Roberts, 1970) . Subsampling the crop density of branches (number of fruit per square centimeter BCSA) is an early season sampling technique of whole tree crop density [number of fruit per square centimeter trunk cross-sectional area (TCSA)] (Uriu and Lilleland, 1959) , and is effective in estimating the effects of fruit-thinning treatments on fruit number, yield, and mean fruit weight (Forshey and Elfving, 1979) .
The Maîtrise de la FructificationConcepts et Techniques (MAFCOT) group of the INRA in Montpellier, France, developed the centrifugal training system that partially manages crop load by the physical removal of flowering spurs (Lauri et al., 2004; Lespinasse and Lauri, 1999) . The MAFCOT group developed a handheld tool (Equilifruit; INRA, Montpelier, France) as a guide for thinning by spur extinction (removal) and by fruit removal. The hand-thinning gauge is a small plastic disc with 11 semicircular notches of varying diameters ( Fig. 1) . At each notch, there is a whole number that is preceded by the letter F (F value). The F value indicates the number of spurs or fruit to leave, based upon a final crop density of 6 fruit/cm 2 BCSA. The disc also provides D, which allows the user a means of adjusting the intensity of hand-thinning treatment. To decrease or increase the number of fruit removed during hand-thinning treatment, D can be added or subtracted to the F value.
The objectives of this experiment were to evaluate a hand-thinning gauge Treatments were applied to whole trees as follows: 1) no additional thinning (control); 2) handthinned using the hand-thinning gauge F value; and 3) hand-thinned using a spacing heuristic of 7 to 8 inches between solitary fruit. All hand-thinning treatments were applied after June drop.
Limbs were fitted with the handthinning gauge 3 cm from the trunk. The notch that fit tightly around the circumference of the limb was selected. If the number of fruit on a given limb was higher than the corresponding F value, the number of fruit was reduced to the F value. Specifications of the hand-thinning gauge are presented in Table 1 . The priority in which fruit were removed for handthinning gauge and heuristic treatments are as follows: 1) damaged fruit, 2) small fruit, and 3) to break up clusters of fruit. The experiment was replicated five times in a randomized complete block design.
To evaluate the handthinning gauge with small-and large-fruited cultivars, additional hand-thinning experiments were carried out on sixth leaf 'Buckeye Gala'/ 'M.9' (M.9) at 4 · 15-ft spacing and 'Honeycrisp'/'M.26' (M.26) at 5 · 15-ft spacing in 2010. Despite two post-bloom applications of chemical thinners, trees had an excessive crop load. Fifteen uniform trees with a supraoptimal crop load were selected. Thirty uniform trees of each cultivar were selected and flagged. Handthinning treatments were applied to whole trees as follows: 1) control, 2) F value, 3) F -D, 4) F -2D, and 5) hand-thinned using a spacing heuristic of 7 to 8 inches between solitary fruit. The experiments were replicated six times in a randomized complete block design.
Total fruit number per tree was counted after hand-thinning treatment and at harvest to determine crop density (number of fruit per square centimeter TCSA). Fruit from whole trees were harvested at commercial maturity for each cultivar, and all fruit were run through an electronic fruit sizer (Durand Wayland, LaGrange, GA). Fruit number per tree, crop density, yield, fruit weight, yield efficiency (yield per tree/TCSA), and fruit size distribution were determined. Because all hand-thinning treatments occurred after June drop, return bloom data were not collected. The personal computer Table 1 . Specifications of a hand-thinning gauge z that uses branch cross-sectional area (BCSA) as a predictor of target crop density of apple. version of SAS (version 9.3; SAS Institute, Cary, NC) was used to carry out all statistical analysis. Tukey's honest significance test in PROC MIXED was used to test mean separation among treatments at P = 0.05.
Results and discussion
'GOLDEN DELICIOUS'. Fruit number and crop density of the control trees were moderately high in 2009 (181 fruit/tree and 10.5 fruit/cm 2 TCSA, respectively). In 2009, trees thinned with the hand-thinning gauge did not differ from the control or the heuristic in any measurement (Table 2) . When compared with the control, the heuristic reduced the number of fruit harvested per tree and crop density by 40%, while increasing mean fruit weight by 59 g. Yield and yield efficiency were unaffected by thinning treatment, likely because of a relatively narrow range of crop density among treatments.
Fruit number and crop density of 'Golden Delicious' control trees in 2010 were excessive (286 fruit/tree and 16.2 fruit/cm 2 TCSA, respectively). Mean fruit weight at harvest increased with hand-thinning gauge and heuristic treatments when compared with the control. Although both hand-thinning methods increased fruit size, use of the heuristic reduced yields by 30%. This observed reduction in yield corresponds to final crop load. Thinning beyond a moderate level is counterproductive, because increased fruit size does not compensate for reduced yield (Forshey and Elfving, 1977) . In 2010, crop density of 'Golden Delicious' trees thinned with the hand-thinning gauge were relatively high at 10.3 fruit/cm 2 TCSA. We speculate that this may be explained by variations in pruning from year to year. Final crop load of trees thinned with the hand-thinning gauge is a function of the total BCSA on a per tree basis. Therefore, annual, uniform pruning of the tall spindle system will theoretically result in uniform final crop loads from year to year. There was a positive upward shift in fruit size distribution in both years of the study for both hand-thinning treatments (Fig. 2) . In general, the hand-thinning gauge was a more moderate treatment when compared with the heuristic.
'BUCKEYE GALA'. Control trees had an excessive crop load (214 fruit/ tree and 9.9 fruit/cm 2 TCSA), so hand-thinning treatments were justified ( F value was comparable to the control, while all other treatments were significantly reduced. All hand-thinning gauge treatments had a greater quantity of fruit >3.0 inches in diameter when compared with the control and heuristic (Fig. 3) .
'HONEYCRISP'. Control trees had a moderate crop load (7.3 fruit/cm 2 TCSA), which was variable from limb to limb. Use of the hand-thinning gauge F value and F -D did not reduce crop load when compared with the control (Table 4) . Robinson et al. (2009) suggested that ideal fruit weights for 'Honeycrisp' range between 200 and 220 g, and an ideal crop load to achieve this size is from 5 to 6 fruit/cm 2 TCSA. The control, F value, and F -D had average fruit weights near the optimal fruit weight and/or posttreatment crop density. Both F -2D and heuristic treatments reduced crop density by 34% and 42%, respectively, and increased average fruit weight above the target of 200 to 220 g. In this study, the heuristic was the most severe thinning treatment, as 88% of fruit were greater than 3.25 inches in diameter and 44% were greater than 3.5 inches in diameter (Fig. 4) . 'Honeycrisp' is susceptible to bitter pit and several other postharvest disorders, and production of excessively large fruit is undesirable. We did not evaluate postharvest disorders in this study.
Because Honeycrisp is a largefruited cultivar that has a propensity to have ''push-offs'' due to short stem lengths and is prone to preharvest drop, fruit number per tree and crop density were presented at two specific intervals: immediately after treatment (posttreatment), and at harvest (harvested). Differences among treatments were observed with posttreatment fruit number and posttreatment crop load; however, there were no observed differences in harvested fruit number or harvested crop load. Since harvested crop density was similar among all hand-thinning treatments, there were no differences in yield.
The Equilifruit disc was originally developed to standardize spur extinction as a crop load management technique for the centrifugal tree training system (Lauri et al., 1995; Lespinasse and Lauri, 1999) . Selective removal of spurs/fruiting sites has been shown to increase fruit size, fruit set of remaining spurs, and reduce the incidence of biennial bearing (Lauri et al., 2004; Tustin et al., 2012) . When using the hand-thinning gauge for pruning, bearing surface is modified by reducing the number of fruiting structures per unit BCSA. In the centrifugal training system, primary modifications to bearing surface in the early years are made through spur removal rather than removal of epicormic shoots and thinning cuts. Conversely, bearing surface is primarily managed by thinning cuts in the tall spindle system. Since the management of bearing surface is different in these systems, one may anticipate that the use of the hand-thinning gauge may not be as applicable in a tall spindle system. Our results suggest the contrary. While we did not formally evaluate pruning as a factor in this experiment, the ratio of BCSA per unit TCSA should have a direct influence on whole tree crop load and yield. Further work will be conducted to determine the appropriate BCSA to TCSA ratio in tall spindle apple.
Growers often employ handthinning heuristics that rely on spacing Table 3 . Comparison of four hand-thinning treatments and an unthinned control on fruit number, crop density, yield, fruit weight, and yield efficiency of 'Gala'/'M.9' apple in 2010. fruit throughout the canopy. These heuristics can vary widely, as personal experience is a frequent driver of the intensity of hand-thinning treatment. The hand-thinning gauge provides a target crop load of apple by using limb circumference as predictor of bearing surface. Therefore, if the bearing surface of a limb is substantially altered by pruning, the disc will not provide an appropriate estimate of the number of fruit that can be supported by the selected limb. We do not recommend the use of the hand-thinning gauge on limbs subjected to bench cuts (heading cuts), since bearing surface has been substantially manipulated. Apple trees trained to systems that manage bearing surface with renewal pruning are likely compatible with use of the hand-thinning gauge.
We recommend that the handthinning gauge be used as a training tool. After using the disc for a few hours, workers should be able to readily relate limb size to the number of fruit that can best be supported.
Since the hand-thinning gauge defines a target for apple crop load, there are several potential uses for this technology. While not formally tested, potential uses of the hand-thinning gauge include assessing the initial fruit set, defining targets for chemical thinning, estimating severity of frost damage (by comparing the number of viable blossoms per unit BCSA to the F value), and perhaps as a template for selective mechanized thinning.
Implications for growers
The hand-thinning gauge is a round, plastic disc with 11 semicircular notches of varying diameters along its perimeter. At each notch, there are two corresponding values that are of interest to the user: the F value and D. The F value is the number of fruiting spurs or fruit that should remain after spur extinction and/or hand-thinning treatments. Use of the F value during hand-thinning will result in %6 fruit/ cm 2 BCSA. To consistently increase or decrease the number of fruit (or fruiting spurs) per unit BCSA, D can be added or subtracted to the F value.
Since the hand-thinning gauge uses the cross-sectional area of a given limb to estimate bearing surface, major alterations of the bearing surface may prevent proper use of the tool. For example, bench cuts can result in an overestimate of the number of fruit that can be best supported. We evaluated the use of the hand-thinning gauge on three cultivars trained to tall spindle. In all cultivars, trees thinned to the specifications of the F value maintained yields comparable to control trees while increasing the proportion of fruit in large size categories. Our work demonstrates that the handthinning gauge is effective on tall spindle trees with renewal style pruning. After using the disc for a few hours, the user becomes proficient in relating limb size to an appropriate fruit number. The disc should be used as a training device and after sufficient experience is obtained by the worker, the disc should only be used to recalibrate as needed.
